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ABSTRACT 

We present near-infrared Ks-band photometry bracketing the secondary echpse of the hot Jupiter 
TrES-2b using the Wide-field Infrared Camera on the Canada-France-Hawaii Telescope. We detect 
its thermal emission with an eclipse depth of 0.062toon% (5cr). Our best-fit secondary eclipse is 
consistent with a circular orbit (a 3cr upper limit on the eccentricity, e, and argument or periastron, 
uj, of jecoswl < 0.0090), in agreement with mid-infrared detections of the secondary eclipse of this 
planet. A secondary eclipse of this depth corresponds to a day-side Ks-band brightness temperature 
of Tb = 1636^gg K. Our thermal emission measurement when combined with the thermal emission 
measurements using Spitzcr/IRAC from O 'Donovan and collaborators suggest that this planet exhibits 
relatively efficient day to night-side redistribution of heat and a near isothermal dayside atmospheric 
temperature structure, with a spectrum that is well approximated by a blackbody. It is unclear if the 
atmosphere of TrES-2b requires a temperature inversion; if it does it is likely due to chemical species 
other than TiO/VO as the atmosphere of TrES-2b is too cool to allow TiO/VO to remain in gaseous 
form. Our secondary eclipse has the smallest depth of any detected from the ground at around 2 /zm 
to date. 

Subject headings: planetary system - stars: individual: TrES-2 - techniques: photometric - eclipses — 
infrared: planetary systems 



1. INTRODUCTION 

The first detection of th e transit of an exoplanet 
in front of its par ent star (jCharbonneau et al. 1 120001 : 
iHenrv et al. 1 12000() opened a new avenue to determine 
the characteristics of these exotic worlds. For all but 
the most eccentric cases, approximately half-an-orbit af- 
ter their transits these planets pass behind their star 
along our line of sight allowing their thermal flux to 
be measured in the infrared. T he first detections of 
an e x oplanet 's thermal em ission (jCharbonneau et al. I 
l2005t iDeming et al. 1 12005| ) came from observations in 
space with Spitzer using the Infrared Array Camera 
(IRAC; iFazio et aTl 120041 ). Since then the vast major- 
ity of such measurements have been made using Spitzer 
at wavelengths longer than 3 ^m, and thus longwards 
of the blackbody peak of these "hot" exoplanets. Re- 
cent observations have extended secondary eclipse de- 
tections into the near-infrared; the first detection was 
from spa ce with NICMOS on the Hubble Space Tele- 
scope (iSwain et al. I I200"9l at ~2 /xm). More recently, 
near-infrared detections have been achieved from the 
ground; the first of these detections include a ^&a de- 
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tection in K-ba nd of TrES-3b using the W illiam Her- 
schel Telescope (|de Mooii fc Snellen I [2001 ). a ~4fT de- 
tection in z'-band of OGLE-TR- 56b using Magellan and 
the V ery Large Telescope (VLT; ISing fc Lopez-Morales I 
I2009f ). and a -5cr detection at -^2.1 a m of CoRoT-lb 
also with the VLT ()Gillon et al. |[2009f) . 

Thermal emission measurements in the near-infrared 
are crucial to our understanding of these planets' atmo- 
spheres, as they allow us to constrain hot Jupiters' ther- 
mal emission near their blackbody peaks. The combina- 
tion of Spitzer/IRAC and near-infrared thermal emission 
measurements allows us to constrain the temperature- 
pressure profiles of these planets' atin ospheres over a 
range of pressures (jFortnev et al. |[2008[ ). better estimate 
the bolometric luminosity of these planets' dayside emis- 
sion, and thus contributes to a more complete under- 
standing of how these planets transport heat from the 
day to nightside at a variety of de pths and pressures in 
their atmospheres IjBarman Il2008f ). 

The transiting hot Jupit er TrES-2b orbits a GO V star 
with a period of ~2.47 d dO ' Donova n et al. |[2506l) . Ac- 
cording to the iFortnev et al. (2008) theory this places 
TrES-2b marginally in the hottest, mostly highly irra- 
diated class (the pM-class) of hot Jupiters and close 
to the dividing line between this hottest class and the 
merely warm class of hot Jupiters (the pL-class). Thus 
TrES-2b could be a key object to refine the dividing 
line between these two classes, and indicate the phys- 
ical cause of this demarcatio n, or reveal wheth e r this 
divide even exists. Recently lO'Donovan et alTI (|2009( ) 
used Spitzer/IRAC to measure the depth of the sec- 
ondary eclipse of TrES-2b in the four IRAC bands. Their 
best-fit eclipses are consistent with a circular orbit, and 
collectively they are able to place a 3cr limit on the ec- 
centricity, e, and argument of periastron, w, of |ecosa;| 
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< 0.0036. Their best-fit eclipses at 3.6, 5.8 and 8.0 fim 
are well-fit by a blackbody. At 4.5 fim they detect ex- 
cess emissio n, in agreement with the theory of severa. 1 
researchers (|Fortnev et al. 1120081 [Burrows et aril2008| ) 
that predicts such excess due to water emission, rather 
than absorption, at this wavelength due to a temperature 
inversion in the atmosphere. One-dimensional radiative- 
equilibrium models for hot Jupiter planets generally show 
that the atmospheric opacity is dominated by water va- 
por, which is especially high in the mid-infrared, but 
has pr ominent windows (the JHK bands) in the near in- 
frared ()Fortnev et al. 1 120081: IBurrows et al7\ \2008). One 
can probe more deeply, to gas at higher pressure, in 
these opacity windows. Models without temperature 
inversions feature strong emission in the JHK bands, 
since one sees down to the hotter gas. Models with 
temperature inversions, since they feature a relatively 
hotter upper atmosphere and relatively cooler lower at- 
mosphere, yield weaker emission in the near-IR (JHK), 
but s t ronger emission in th e mid-infrared (jHubenv et al. I 
l2003HFortnev et al. |[2006l) . Near-infrared thermal emis- 
sion measurements should thus be useful to determine 
whether TrES-2b does or does not harbour a tempera- 
ture inversion. 

Owing to its high irradiation, with an incident flux of 
^1.1x10^ ergs~^cm~'^, and favourable planet-to-star ra- 
dius ratio (i?p/i?,~0.13), we included TrES-2b in our 
program observing the secondary eclipses of some of 
the hottest of the hot Jupiters from the ground. Here 
we present Ks-band observations bracketing TrES-2b's 
secondary eclipse using the Wide-field InfraRed Cam- 
era (WIRCam) on the Canada-France-Hawaii Telescope 
(CFHT). We report a Str detection of its thermal emis- 
sion. 

2. OBSERVATIONS AND DATA REDUCTION 

We observed T rES-2 {K=9M6) with WIRCam 
(|Puget et al. I [200l on CFHT on 2009 June 10 under 
photometric conditions. The observations lasted for ^^3.5 
hours evenly bracketing the predicted secondary eclipse 
of this hot Jupiter assuming it has a circular orbit. Nu- 
merous reference stars were also observed in the 21x21 
arcmin field of view of WIRCam. To minimize the im- 
pact of flat field errors, intrapixel variations and to keep 
the flux of the target star well below detector satura- 
tion, we defocused the telescope to 1.5mm, such that the 
flux of our target was spread over a ring ~20 pixels in 
diameter (6") on our array. 

We observed TrES-2 in "stare" mode on CFHT where 
the target star is observed continuously without dither- 
ing. 5-second exposures were used to avoid saturation. 
To increase the observing efficiency we acquired a series 
of data-cubes each containing twelve 5-second exposures. 
The twelve exposure data-cube is the maximum number 
of exposures allowed in a guide-cube in queue mode at 
CFHT. To counteract drifts in the position of the stars 
positions on the WIRCam chips, which we had noticed 
in earlier WIRCam observations of secondary eclipses 
(jCroll et al. I l2010al ) , we initiated a corrective guiding 
"bump" before every image cube to recenter the stellar 
point-spread-function as near as possible to the original 
pixels at the start of the observation. The effective duty 
cycle after accounting for readout and for saving expo- 
sures was 43%. The images were preprocessed with the 



'I'iwi pipelinqj- This pipeline includes the following 
steps: applying a non-linearity flux correction, removing 
bad and saturated pixels, dark subtraction, flat-fielding, 
sky subtraction, zero-point calibration and a rough as- 
trometry determination. We sky subtract our data by 
constructing a normalized sky frame built by taking the 
median of a stack of source-masked and background- 
normalized on-sky images. Our on-sky images consist 
of 15 dithered in- focus images observed before and af- 
ter the on-target sequence. For each on-target image 
the normalized sky frame is scaled to the target median 
background level and then subtracted. 

We performed aperture photometry on our target star 
and all unsaturated, reasonably bright reference stars on 
the WIRCam array. We used a circular aperture with a 
radius of 12.5 pixels. We tested larger and smaller aper- 
tures in increments of 0.5 pixels, and confirmed that this 
size of aperture returned optimal photometry. The resid- 
ual background was estimated using an annulus with an 
inner radius of 21 pixels, and an outer radius of 30 pixels; 
a few different sizes of sky annuli were tested, and it was 
found that the accuracy of the resulting photometry was 
not particularly sensitive to the size of the sky aperture. 
As TrES-2 has a nearby reference star (0.17' separation) 
that falls in our sky aperture, we exclude a slice of the 
annulus that falls near this reference star to avoid any 
bias in background determinatiorQ. During our obser- 
vations, despite the aforementioned corrective "bump" 
to keep the centroid of our stellar point-spread-function 
(PSF) as steady as possible, our target star and the rest 
of the stars on our array displayed high frequency shifts 
in position (Figure [T]). To ensure that the apertures for 
our photometry were centered in the middle of the stel- 
lar PSFs, we used a center-of-mass calculation, with pixel 
flux substituted for mass, to determine the x and y center 
of our defocused stellar rings for each one of our target 
and reference star apertures. 

The light curves for our target and reference stars fol- 
lowing our aperture photometry displayed significant, 
systematic variations in intensity (see the top panel of 
Figure [2|), possibly due to changes in atmospheric trans- 
mission, seeing and airmass, guiding errors and/or other 
effects. The target light curve was then corrected for 
these systematic variations by normalizing its fiux to the 
11 reference stars that show the smallest deviation from 
the target star outside of the expected occultation. Ref- 
erence stars that showed significant deviations in-eclipse 
from that of the target star and other reference stars, as 
indicated by a much larger root-mean-square in-eclipse 
than out-of-eclipse due to intermittent systematic effects 
for instance, were also excluded. For the reference stars 
that were chosen for the comparison to our target star, 
the flux of each one of these star was divided by its 
median-value, and then an average reference star light 
curve was produced by taking the mean of the lightcurves 
of these median-corrected reference stars. The target flux 
was then normalized by this mean reference star light 
curve. 

Figure [3] marks the 11 reference stars used to correct 
the fiux of our target; the 2MASS identifiers of the refer- 



|ht'tp://www.cfht.hawaii.edu/Instrument3/Imaging/WIRCaiii/IiwiVeraioiilDQC.html| 

^ Pixels that fall from 5° to -45° degrees as measured from due 
North towards the East are excluded from our annulus. 
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Fig. 1. — The x and y position of the centroid of the PSF of the target star, TrES-2, with time (top panels). 
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Fig. 2. — Top panel: The normalized flux from the target star (black) and the reference stars that are used to calibrate the flux of 
TrES-2b (various colours). Bottom panel: The residuals from the normalized flux of the target star of the normalized flux of the reference 
stars (various colours). The residuals have not been corrected for the x/y pixel positions of the target. 



TABLE 1 

Reference Stars 



Reference Star # 


2MASS Identifier 


K-band Magnitude 


1 


J19072977+4918354 


10.294 


2 


J19065501-I-4916195 


10.737 


3 


J19071365-I-4912041 


11.270 


4 


J19065809-I-4916315 


9.875 


5 


J19070093+4917323 


11.337 


6 


J19074435-I-4915418 


10.766 


7 


J19071824-I-4916526 


11.239 


8 


J19073380+4916035 


10.712 


9 


J19071955-I-4911176 


11.514 


10 


J19075629+4923281 


9.671 


11 


J19065548+4925404 


11.454 



ence stars are given in Table [TJ Note that the majority 
of the reference stars with the smallest out of occulta- 
tion residuals to our target star are on the same chip 
as our target, despite the fact that there are other ref- 
erence stars on other chips closer in magnitude to our 
target. We believe this is due to the differential elec- 
tronic response of the different WIRCam chips, and have 
noticed this same effect with other WIRC am observa- 
tions o f other hot Jupiter secondary eclipses (jCroll et al. I 

I2nina[) . 

Following this correction we noticed that the flux of 
our target and reference stars displayed near-linear cor- 
relations with the X or y position of the centroid of the 
stellar PSF on the chip. Given the aforementioned high 
frequecy of these shifts (Fig. [1]) this suggests that any 
leftover trend with position and the flux of the star was 
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Fig. 3.— The CFHT/WIRCam full frame array during our ob- 
servations of TrES-2b. The image has been preprocessed with the 
'I'iwi pipeline; the obvious artifacts (in the lower-left corners of 
the bottom two chips for instance or the crosses on the upper two 
chips) are due to the masking of bad pixels. The target star, TrES-2 
(large square on the lower-right chip) , and the reference stars used 
to correct the flux of TrES-2 (circles) are marked. 

instrumental in origin. Thus these near-linear trends 
(Figure |3] top panels) were removed from the data for 
both the target and reference stars by performing a fit to 
the X and y position of the centroid of the PSF and the 
normalized flux for the out-of-eclipse photometry. We fit 
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Fig. 4. — The out-of-eclipse photometry prior to the correction for the x and y position of the PSF (top panels). The out-of-eclipse 
photometry following this correction (bottom panels; see jl2]for details). 
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Fig. 5. — The root-mean-square of our out-of-eclipse photometry 
(solid line) following the various corrections documented in [[2] The 
dashed line displays the one over the square-root of the bin-size 
expectation for gaussian noise. 

the out-of-eclipse photometric flux to the x and y posi- 
tion of the centroid of the PSF with a function of the 
following form: 



/ = 1 + dix + d2y + dsxy 



(1) 



where di, d2, and d^ are constants. We then apply this 
correction to both the in-eclipse and out-of-eclipse pho- 
tometry. The out-of-eclipse photometric data prior to 
and following this correction are displayed in Figure U 
(bottom panels). No other trends that were correlated 
with instrumental parameters were found. 

By correcting the flux of our target with these 11 ref- 
erence stars and by removing the above correlation with 
the x/y position on the chip the point-to-point scatter of 
our data outside occultation improves from a root-mean- 
square (RMS) of 13.7x10-3 to 0.71x10-3 per every 58 s 
(or 5 images). The photometry following the aforemen- 
tioned analysis is largely free of systematics, as evidenced 
by the fact that the out-of-eclipse photometric precision 
lies near the gaussian noise expectation for binning the 
data of one over the square-root of the bin-size (Figure 
[S]). Our observations in Ks-band, though, are still well 
above the predicted photon noise RMS limit of2.3xl0^'' 
per 58 seconds. For the following analysis we set the un- 
certainty on our individual measurements as 0.95 times 
the RMS of the out of eclipse photometry after the re- 
moval of a linear-trend with time; we found simply using 
1.0 times the RMS of the out-of-eclipse photometry re- 
sulted in a reduced x^ below one, and thus resulted in a 
slight over-estimate of our errors. 

3. ANALYSIS 

Similarly to nearly all our near-infrared photometric 
data-sets taken with CFHT/WIRCam (e.g. ,CroU et al. ■ 
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Orbital Phase 

Fig. 6.— The 68.3% (Ict; solid-line), 95.5% {2a; dashed-line) and 
99.7% (3(t; short dashed-line) credible regions from our MCMC 
analysis on the secondary eclipse depth, AF, and phase, 0. The 
"x" in the middle of the plot denotes the best-fit point from our 
MCMC analysis. 



I2010aira ). our Ks-band photometry following the reduc- 
tion exhibited an obvious background trend, Bf. This 
background term displayed a near-linear slope, and thus 
we fit the background with a linear-function of the form; 



Bf 



1 + Ci + C2dt 



(2) 



where dt is the time interval from the beginning of 
the observations, and ci and C2 are the fit parame- 
ters. Given that most of our other data-sets display 
these background trends, it is unlikely, but not impos- 
sible, that this slope is intrinsic to TrES-2. We fit for 
the best-fit secondary eclipse and linear fit simultane- 
ousl y using Markov Chain Monte Carlo (M CMC) meth- 
ods (|Christensen et al. l[200l iFord 1120051 described for 
our purposes in iCroU 1 12006[ ). We use a 5x10^ step 
MCMC chain. We fit for ci, C2, the depth of the sec- 
ondary eclipse, AF, and the offset that the eclipse oc- 
curs later than the expected eclipse center, ioffsoO We 
also quote the best-fit phase, cj), as well as the best-fit 
mid-eclipse heliocentric julian-date, tecUpse- We use the 
iMandel fc Agol I (|2002[ ) algorithm without limb darken- 
ing to generate our best-fit secondary eclipse model. We 
obtai n our stellar a r id pla netary parameters for TrES-2 
from [Torres et al.~l ()2008[ ). including the planetary pe- 
riod and ephemeris. The results from these fits are pre- 
sented in Table [2] The phase dependence of the best-fit 

* we take into ac count the 0. 6 minute offset due to light travel- 
time in the system [Loeb ||2005| | 
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Fig. 7.— CFHT/WIRCam Ks-band photometry of the sec- 
ondary eclipse of TrES-2b. The top panel shows the unbinned 
lightcurve, while the panel that is the second from the top shows 
the lightcurve with the data binned every 7.0 minutes. The panel 
that is the second from the bottom shows the binned data after the 
subtraction of the best-fit background, Bf, while the bottom panel 
shows the binned residuals from the best-fit model. In each one of 
the panels the best-fit best-fit secondary eclipse and background, 
Bf, is shown with the red line. The expected mid-secondary eclipse 
is if TrES-2b has zero eccentricity. 



TABLE 2 
Best-fit secondary eclipse parameters 



Parameter 


MCMC 


"Residual 




Solution 


permutation" 
Solution 


reduced x^ 


1-U89-0.002 


1.086±roS? 


AF 


0.062+00}?% 


omA+J,Zl% 


toff set (min)'' 


4-3-4.6 


n 0-I-4.6 
■^•^-3.0 


tealipse (HJD-2440000) 


14994.0605tE!|jgg 


14994.06001[;E;!521 


Cl 


O.OOObl_o 00012 


n nnnfii+000008 
O.OOObl_o 00007 


C2 (d-1) 


00^+0-001 

-U.UUO_o 001 


00^+0-001 
-u.uuo_o 002 


0- 


U.tiOi4_o 0013 


0-5012+_lZl 


Tb {K) 


msatll 


1646ti 


ecos((.i;) ^ 


0.0020t0:»2l 


O.OOUlHoaS 


Iks 


0.358tH?^ 


0.367tH^^ 


'^ We account for the increased light travel-time in the system 


HLoeb 112005). 







secondary eclipse is presented in Figure [6l The best-fit 
secondary eclipse is presented in Figure [71 

To determine the effect of any excess systematic 
noise on our photometry and the resulting fits we em- 
ploy the "res i dual-p ermutation" method as discussed in 
iWinn et al~l (|2009f ). In this method the best- fit model 
is subtracted from the data, the residuals are shifted be- 
tween 1 and the total number of data points (Af=1056 
in our case), and then the best- fit model is added back 
to the residuals. We then refit the adjusted lightcurve 
with a 5000-step MCMC chain and record the param- 
eters of the lowest x^ point reached. By inverting the 
residuals we are able to perform 2N — 1 total iterations. 



The best-fit parameters and uncertainties obtained with 
this method are similar to those found for our MCMC 
method and are listed in Table [2] As the two meth- 
ods produce similar results we employ the MCMC errors 
for the rest of this paper. We also test for autocorre- 
lation among the residua ls to our best-fit model using 
the Durbin- Watson test (jDurbin fc Watson1ll951[ ): for 
the Durbin- Watson test a test-statistic greater than 1.0 
and less than 3.0 (ideally near 2.0) indiciates a lack of 
autocorrelation. Our residuals pass this test with a test- 
statistic of 1.97. 

4. DISCUSSION 

The depth of our best-fit secondary eclipse is 
0M2to°l\%. The reduced x^ is 1.089. Our best-fit sec- 
ondary eclipse is consistent with a circular orbit; the off- 
set from the expected eclipse center is: toff set = 4.5l4g 

minutes (or at a phase of 0=O.5O141qoo}3). This cor- 
responds to a limit on the eccentricity and argument of 
periastron of ecosw — 0.00201q'qq2i, or a 3a limit of 
lecoswj < 0.0090). Our result is fully consistent with the 
more sensitive ecosw limits reported from the secondary 
eclipse detections at the four Spitzer/IRAC wavelengths 
(jO'Donovan et aL~ll2009D. Thus our result bolsters the 
conclusion of lO'Donovan et al. I (2009) that tidal damp- 
ing of the orbital eccentricity is unlikely to be responsible 
for "puffing up" the radius of this exoplanet. 

A secondary eclipse depth of 0.062;to;oii'^ corresponds 
to a brightness temperature of Tb = 1636lgg K in 
the Ks-band assuming the planet radiates as a black- 
body, and adopting a stellar effective te mperature of 
Teff = 5850 ± 50 (jSozzettiet al. |[2007t ). This com- 
pares to the equilibrium temperature of TrES-2b of 
Teg'-~^1472 K assuming isotropic reradiation, and a zero 
Bond albedo. Hot Jupiter thermal emission measure- 
ments allow joint constraints on the Bond albedo, Ab, 
and the efficiency of day to nightside redistribution of 
heat on these presumably tidally locked planets. The 
Bond albedo. As is the fraction of the bolometric, inci- 
dent stellar irradiation that is refiected by the planet's 
atmosphere. We parameterize the redistribution of day- 
side stellar radiation absorbed by the planet's atmo- 
sphere to the nightside by the rerad i ation factor, /, fol- 
lowing the lLopez-Morales fc Seagerl (|2007f ) definition. If 
we assume a Bond albedo near z ero, consistent with 
observatio ns of oth er hot Jupiters (jCharbonneau et al. I 
1999: Rowe et al. 1 120081 and with model predictions 
([Burrows et al. Il2008bl ). we find a reradiation factor of 

/ks = 0-3581qq72 from our Ks-band eclipse photometry 
only, indicative of relatively efficient advection of heat 
from the day-to-nightside at this wavelength. In com- 
parison, the reradiation factor for an atmosphere that 
reradiates isotropically is f—j, while f=^ denotes redis- 
tribution and reradiation over the dayside face only. 

Our secondary eclipse depth, when combined with 
the secondary eclipse depths at the Spitzer/IRAC wave- 
lengths from O 'Donovan et al. (2009), is consistent with 
a range of Bond albedos, Ab, and efficiencies of the 
day to nightside redistribution on this presumably tidally 
locked planet (Figure [8]) . The best- fit total reradiation 
factor, ftot, that results from a x^ analysis of all the 
eclipse depths for TrES-2b assuming a zero Bond albedo 
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Fig. 8.— The 68.3% (Icr; solid-line), 95.5% (2o-; dashed- 
line) and 99.7% (Scr; short dashed-line) x^ confidence regions on 
the reradiation factor, /tot, and Bond albedo from the combina- 
tion of our Ks-band poi nt and the Spitzer/IRAC measurements 
HO'Donovan et al. l[2009l 'l. 



is /jot = 0.346Io;o37. Thus our Ks-band brightness 

temperature {Tb — IGSGlgg K) and reradiation factor 

/i<'s=0.358^QQ72J reveal an atmospheric layer that is sim- 
ilar to, and perhaps slightly hotter, than the atmospheric 
layers probed by longer wavelength Spitzer observations 
(Tb ^ISOO K from Sp itzer/IRAC observations of TrES- 
2b [O'Donovan et al. 1 12009]). The Ks-b and is expected 
to be at a minimum in the w ater opacity (jFortnev et al. I 
120081: iBurrowset 311120081) ■ and thus our Ks-band ob- 
servations are expected to be able to see deep into the 
atmosphere of TrES-2b. Our observations suggest that 
the deep, high pressure atmosphere of TrES-2b displays 
a similar temperature - perhaps a slightly warmer tem- 
perature - to lower pressure regions. 

Another way of parameterizing the level of day-to- 
nightside heat redistribution is calculating the percent- 
age of the bolometric luminosity emitted by the planet's 
dayside, L^ay, compared to the nightside emission, 
Lnight- Measurements of the thermal emission of a hot 
Jupiter at its blackbody peak provide a valuable con- 
straint on the bolometric luminosity of the planet's day- 
side e mission, and by inference its nightside emission 
([Barman 2008). From simple thermal equilibrium ar- 
guments if TrES-2b has a zero Bond albedo and it is in 
thermal equilibrium with its surroundings it should have 
a total bolometric luminosity of Ltot — 7.7xlO~^L0. 
By integrating the luminosity per unit frequency of our 
best-fit blackbody model across a wide wavelength range 
we are able to calculate the percentage of the total lu- 
minosity reradiated by the dayside as ^^69% {Lday = 
5.3x10^^Lq). The remainder, presumably, is advected 
via winds to the nightside. 

We compare the dept h of our Ks-band eclipse and the 
Spitzer/IRAC eclipses ([O'Donovan et al. |[2009l ) to a se- 
ries of planetary atmosphere models in Figure |9l This 
comparison is made quantitatively as well as qualita- 
tively by integrating the models over the WIRCam Ks 
band-pass as well as the Spitzer/IRAC channels, and cal- 
culating the x^ of the thermal emission data compared 
to the models. We first plot blackbody models with 
an isotropic reradiation factor {f=\\ blue dotted- line) 
and that of our best-fit value (/=0.346; grey dotted-line) 
these models have dayside temperatures of T(iay~1496i^ 
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at the planet's surface (bottom). The Ks-band point (black point; 
~2.15 fim) is our own, w hile the Spitzer/IRAC red points are from 
lO'Donovan et al. I 1)20091 ). Blackbody curves for isotropic reradia- 
tion (/= j; Teq~1496 K; blue dashed-line) and for our best-fit rera- 
diation factor (/=0.346; Te5'^1622 K; grey dotted-line) are also 
plotted. We also plot o ne-dimensional, radiative transfer spectral 
models IIFortnev et al. ir2006i . i2008i) for various reradiation factors 
and with and without TiO/VO. The models with TiO/VO include 
f=j (purple dotted line), /=0.31 (green dashed line), and / =2 
(orange dotted line); only the last of the models has a temperature 
inversion. The model without TiO/VO features emission from the 
dayside only (/=,; cyan dot-dashed line). The models on the top 
panel are divided by a stellar atmosphere model (Hauschildt et alj 
I1999I I of TrES-2 using the parameters from Torres et al. ( 200^) 
(M.=0.98 Mq, _R.=1.00 Rq, Te//=5850 K, and log g= 4.43). 
We plot the Ks-band WIRCam transmission curve (dotted black 
lines) and Spitzer/IRAC curves (solid red lines) inverted at arbi- 
trary scale at the top of both panels. 

and Tc(aj,'^1622i4r, respectively. Both blackbody mod- 
els provide reasonable fits to the data, although the lat- 
ter model (/=0.346; x^=4.7) provides a definitively bet- 
ter fit than the former isothermal model {f=j; x^=9.1) 
as it better predicts our Ks-band emission and the 
Spitzer/IRAC 8.0 fim emission. This suggests that over- 
all TrES-2b has a near-isothermal dayside temperature- 
pressure profile and is well-fit by a blackbody. 

We thus also compare the data to a number of 
one-dimensional, rad i ative transfer, spectral models 
(jFortnev et al. 1 120061 I2008D with different reradiation 
factors that specifically include or exclude gaseous TiO 
and VO into the chemical equilibrium and opacity cal- 
culations. In these models when TiO and VO are 
present they act as absorbers at high altitude and 
lead to a hot stratosp here and a temperature inversion 
(jHubenv et al. |[2003[ ). However, if the temperature be- 
comes too cool (TiO and VO start to condense at 1670 
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K aX 1 mbar [Fortnev et ani2008f ). TiO and VO con- 
dense out and the models with and without TiO/VO are 
very similar. In the case of TrES-2b, for all the mod- 
els we calculate, except our model that features dayside 
emission only (/=^), they do not harbour temperature 
inversions because the atmospheres are slightly too cool 
and TiO/VO has condensed out of their stratospheres. 
We plot models with TiO/VO and reradiation factors of 
f=j (purple dotted line), /=0.31 (green dashed line), 
and /=i (orange dotted line), and without TiO/VO 
with a reradiation factor of /=^ (cyan dot-dashed line). 
lO'Donovan et al. I (|2009[) argued that TrES-2b experi- 
enced a temperature inversion due to the high 4.5 fj,m 
emission compared to the low 3.6 ^m emission, which 
was predicted to be a sign of water and CO in emis- 
sion, rather than absorption, in TrES-2b's presumably 
inverted atmosphere. We also find that our models 
without a temperature inversion have difficultly match- 
ing the Spitzer/IRAC 5.6 and 8.0 fim thermal emission 
(X^=25.4 for /=i with TiO/VO, x^=15.3 for /=0.31 
with TiO/VO, and x^=5.5 for /=i without TiO/VO). If 
the temperature inversion is due to TiO/VO, by the time 
the atmosphere becomes hot enough that TiO/VO re- 
mains in gaseous form, the thermal emission is too bright 
to fit the 3.6, and 5.8 ptm thermal emission (x^=10.6 for 
/=i with TiO/VO). 

The combination of our blackbody and radiative trans- 
fer models with our own eclip se depth and those from 
the Spitzer/IRAC instrument (jO'Donovan et al. l[2009( ) 
thus suggest that the atmosphere of TrES-2b likely fea- 
tures modest redistribution of heat from the day to the 
nightside. It is unclear whether the atmosphere of TrES- 
2b requires a temperature inversion. A simple blackbody 
model (/=0.346 and Teg'^1622 K) provides an exemplary 
fit to the data; this may indicate that TrES-2b has a 
fairly isothermal dayside temperature structure, perhaps 
similar to HAT-P-lb (Todorov et al. 2010). An impor- 
tant caveat, on the above result is that our /=^ model 
without TiO/VO (x^=5.5) and thus without a tempera- 
ture inversion returns nearly as good of fit as our best-fit 
blackbody model (/=:0.346; x^=4.7); thermal emission 
measurements at other wavelengths, and repeated mea- 
surements at the above wavelengths, are thus necessary 
to differentiate a blackbody-like spectrum, from signif- 
icant departures from blackbody-like behaviour, and to 
confirm that TrES-2b efficiently redistributes heat to the 
nightside of the planet. Specifically, the variations be- 



tween the models displayed in Figure [S] are largest in the 
near-infrared J & H-bands and thus further near-infrared 
constraints - if they are able to achieve sufficient ac- 
curacy to measure the small thermal emission signal of 
TrES-2b in the near-infrared - should prove eminently 
useful to constrain the atmospheric characteristics of this 
planet. 

If the excess emission at 4.5 fim is due to water emis- 
sion, rather than absorption, due to a temperature in- 
version in the atmosphere of TrES-2b then the inversion 
is unlikely to be due to TiO/VO. This is because the at- 
mosphere of TrES-2b appears too cool to allow TiO/VO 
to remain in gaseous form in its upper atmosphere. If 
there is a temperature inversion then the high altitude 
optical absorber is likely to be due to another chemica l 
species than TiO/VO. For instance. [Zahnle et al.1 ()2009f ) 
have investigated the photochemistry of sulphur-bearing 
species as another alternative. 

TrES-2b is a promising target for the characteriza- 
tion of its thermal emission across a wide wavelength 
range. In addition to orbiting a relatively bright star, and 
having a favourable planet-to-star radius ratio, TrES- 
2 lies within the Kepler field. The combination of 
secondary eclipse measurements already published us- 
ing Spitzer/IRA C, upcoming measure ments with Kepler 
(~430 - 900 nm: lBorucki et al. |[2008l) . and J, H and K- 
band near-infrared measurements that could be obtained 
from the ground, will allow us to fully constrain TrES- 
2b's energy budget. At the shorter end of this wave- 
length range it should also be possible to constrain the 
combination of reflected light and thermal emission. Our 
results predict that even if the geometric albedo of TrES- 
2b is as low as 5% in the Kepler bandpass, if Kepler is 
able to detect the secondary eclipse of this planet then it 
will be detecting a significant fraction of reflected light 
in addition to thermal emission. This will largely break 
the degeneracy on the Bond albedo and the reradiation 
factor for this planet, facilitating a more complete un- 
derstanding of its energy budget. 
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